Abstract. The permeability of scaffolds and other three-dimensional constructs used for tissue engineering applications is important as it controls the diffusion of nutrients in and waste out of the scaffold as well as influencing the pressure fields within the construct. The objective of this study was to characterize the permeability/fluid mobility of collagen-GAG scaffolds as a function of pore size and compressive strain using both experimental and mathematical modeling techniques. Scaffolds containing four distinct mean pore sizes (151, 121, 110, 96 microns) were fabricated using a freeze-drying process. An experimental device was constructed to measure the permeability of the scaffold variants at different levels of compressive strain (0, 14, 29 and 40%) while a low-density open-cell foam cellular solids model utilizing a tetrakaidecahedral unit cell was used to accurately model the permeability of each scaffold variant at all level of applied strain. The results of both the experimental and the mathematical analysis revealed that scaffold permeability increases with increasing pore size and decreases with increasing compressive strain. The excellent comparison between experimentally measured and predicted scaffold permeability suggests that cellular solids modelling techniques can be utilized to predict scaffold permeability under a variety of physiological loading conditions as well as to predict the permeability of future scaffolds with a wide variety of pore microstructures.
Introduction
The goal of tissue engineering is to develop cell, construct, and living system technologies to restore the microstructure as well as functional mechanical properties of damaged or degenerated tissue. Tissue engineering relies extensively on the use of porous scaffolds to provide the appropriate microstructural, mechanical, and compositional environment to induce regeneration of injured tissues and organs. Scaffolds are typically seeded with cells and occasionally growth factors and are then either cultured in vitro to study cell behavior and tissue sythesis processes or are implanted in various anatomical sites to induce regeneration of damaged tissues or organs. In our laboratory, we use a composite collagenglycosaminoglycan (collagen-GAG, CG) scaffold as the basis for tissue engineered bone and cartilage. This scaffold is produced by a lyophilisation (freeze-drying) process that allows significant alteration of the scaffold pore microstructure by modifying the thermal processing conditions during fabrication.
The permeability of, and fluid mobility through porous materials are two intrinsic properties describing the relative ease that fluids can flow through cellular materials such as most tissue engineering scaffolds. Permeability (k, units of m 2 ) is the single-phase fluid conductivity of a porous material and is an intrinsic and quantitative parameter describing the scaffold structure independent of sample size and the fluid used. Scaffold permeability is defined by a combination of five important parameters: (1) porosity, (2) pore size and distribution, (3) pore interconnectivity (or tortuosity), (4) fenestration (pore interconnection) size and distribution, and (5) pore orientation. The fluid mobility (K, units of m 4 /Ns) of a scaffold is another intrinsic property defining fluid flow through a porous material and is defined as the material permeability normalized by the viscosity of the fluid (µ, units of Pa·s):
In the tissue engineering literature describing characterization of a variety of biological materials and three-dimensional constructs such as gels and scaffolds, both the fluid mobility (K) through and permeability (k) of tissues and scaffolds are reported and are equally appropriate. While permeability and fluid mobility are often used interchangeably, the units of the reported values easily distinguish them. In order to quickly compare the mobility and permeability of many tissue engineering constructs and biological tissues, the viscosity of water can be used (0.001 Pa·s). For the remainder of this study we are reporting values of the fluid mobility (units m 4 /Ns) of collagen-glycosaminoglycan scaffolds in order to describe its permeability characteristics. As previously noted, the permeability of biological tissues and tissue-engineered scaffolds plays a significant role in the nutrient and waste transport within the structure. There are two mechanisms available for transport of metabolites to and waste products from cells in a scaffold: diffusion, and in the case of in vivo applications, transport through capillary networks formed throughout the scaffold via angiogenesis. While angiogenesis becomes the limiting factor in vivo, significant angiogenesis is not observed for the first few days after implantation, and is not present at all in vitro. Fluid flow, and therefore permeability, provides the means to transport nutrients to, and waste away from, cells. The influence of fluid flow has been studied in a number of tissues including bone [1] , tumor tissue [2, 3] and cartilage [4] . The permeability of articular cartilage is of interest because of the fluid mechanics of joint lubrication [4] and nutrient transport [5] of osteoarthritis. These studies have reported that the permeability of cartilage tissue ranges from 0.1 to 2 × 10 −15 m 4 /Ns (∼0.1 to 2 × 10 −18 m 2 ) and that cartilage permeability is dependent on the composition, organisational depth [6] , and the mechanical loading of the sample [4] . It has been shown that cartilage permeability decreases with increasing tissue depth as far as the calcified layer. This decrease has been correlated with an increase in proteoglycans and to a lesser extent an increase in collagen content. Scaffold and tissue permeability also influences cyclical changes in biophysical stimuli due to fluid flow through the structure during mechanical loading. Specifically, permeability affects the magnitude of pressure and fluid shear stresses within the construct or tissue, both of which have been identified as potential stimuli for cellular differentiation or functional adaptation [7] [8] [9] . Construct permeability has also been shown to influence the degradation rate of biodegradable scaffolds for tissue engineering [10] .
As previously noted, the permeability of a scaffold is determined by a combination of microstructural factors including porosity, pore size, geometry, and distribution, pore interconnectivity, fenestration size, and the orientation of pores with respect to flow direction [11] . Additionally, construct chemical composition can influence permeability. Different biological compounds such as glycosaminoglycans (e.g. hyaluronate or chondroitin sulfate) and collagen [12] have been shown to affect the permeability of many different tissues. In many polymer scaffold fabrication processes, salts are added to a polymerwater solution in order to remove water as charges in salt attract water molecules, and water molecules therefore bind to the salt instead of the polymer. The salt:polymer ratio of synthetic polymer scaffold systems has been shown to significantly affects its permeability [10] . [10] measured the permeability of 50:50 PLGA scaffold systems and found that permeability ranged from 2 to 16 × 10 −9 m 4 /Ns (∼2 to 16 × 10 −12 m 2 ), and was dependent on the polymer:salt ratio. The permeability and porosity of these PLGA scaffolds was compared over time as the scaffold degraded; changes in permeability and porosity were not found to be similar suggesting a more substantial model of permeability is needed. Spain et al. [16] also characterized the permeability of PLGA constructs and reported similar values. While there are studies characterizing the permeability characteristics of specific synthetic and natural three-dimensional constructs and biological tissues, there is little in the literature to suggest a systematic framework to describe construct permeability. Additionally, the effects of compressive strain on scaffold permeability is an important feature to characterize because many tissue engineering constructs are utilized in load-bearing applications that can significantly influence both construct permeability and the resulting metabolite diffusion. The objectives of this study were to characterise the permeability/fluid mobility of collagen-GAG (CG) scaffolds as a function of pore size and compressive strain, to investigate potential factors that influence construct permeability, to relate scaffold permeability data to previously observed changes in cellular adhesion within these scaffolds, and to develop a cellular solids model capable of quantitatively describing the permeability characteristics of a variety of scaffold microstructures under different loading conditions. Previously [17] , we have studied the effects of pore size and structure of CG scaffolds on the attachment behaviour of osteoblast-like cells (MC3T3-E1 mouse clonal osteogenic cells). In that study, a homologous series of four scaffold variants with constant composition (CG) and solid volume fraction (0.005), but with four distinct pore sizes were utilized. With a constant solid volume fraction but variable pore size, these four scaffold variants had four distinct specific surface areas, defining the total surface of the scaffold available for cells to bind to. Cells were seeded onto the four scaffold variants and maintained in culture. The fraction of viable cells attached to the scaffold (compared to the total number of cells initially seeded) decreased with increasing average pore diameter, and increased linearly with scaffold specific surface area as calculated via a cellular solids model of the pore microstructure [17] . We hypothesized that the results of this previous study showed that the biological activity of three-dimensional constructs used for tissue engineering applications depends on the density of available ligands. Ligand density was hypothesized to be defined by the scaffold specific surface area, defining the total surface area of the scaffolds, and the scaffold chemical composition, which determines the type and surface density of specific ligands within the scaffold. Furthermore, we hypothesized that the permeability of these scaffolds would be inversely proportional to the specific surface area due to the frictional effects of fluid flow by the struts that define the scaffold microstructure. In this study, we aim to test this hypothesis by (i) characterizing the permeability and fluid mobility of the same series of collagen-GAG scaffolds, (ii) investigating the effect of pore size and compressive strain on scaffold permeability, (iii) using confocal reflection microscopy to provide microstructural information regarding changes in scaffold specific area due to changes in mean pore size, and (iv) developing a cellular solids model to mathematically describe construct permeability in terms of significant structural factors (e.g. mean pore size, applied strain, relative density).
Material and methods

Scaffold fabrication
The scaffolds used in this study were fabricated by a lyophilisation (freeze-drying) process. Recent work has led to the development of new processing techniques to control the rate of freezing during fabrication and the final pore microstructure [18] . The modified fabrication technique allows production of CG scaffolds with an equiaxed, uniform microstructure characterised by reduced variation in mean pore size throughout the scaffold compared to an original version of the scaffold [19] which received FDA approval in 1996 for use as dermal replacement in burns patients. Briefly, chondroitin 6-sulfate is coprecipitated with microfibrillar, type I collagen from bovine tendon in a solution of acetic acid. The aqueous CG suspension is then frozen, resulting in a continuous, interpenetrating network of ice crystals surrounded by the collagen-GAG co-precipitate. Sublimation removes the ice content, producing a highly porous sponge where the pores are defined by the size and shape of the individual ice crystals produced during solidification. While typical porosities of these scaffolds are above 99%, the pore volume fraction and mean pore size can be controlled by modifying the volume fraction of the precipitate and the freezing temperature, respectively. By solidifying the CG suspension at a warmer freezing temperature, larger ice crystals form due to the reduced solidification rate and resultant increased time of ice crystal coarsening, resulting in scaffolds with increased mean pore size. In this study a homologous series of CG scaffolds were created using varied final freezing temperatures (T f = −10, −20, −30, −40 • C); this homologous series is characterized by a constant composition (CG) and solid volume fraction (0.005) but four distinct mean pore sizes (151, 121, 110, 96 µm) [17] . All CG scaffolds manufactured in this study were crosslinked via a standard dehydrothermal (DHT) process after freeze-drying to strengthen the collagen network by introducing covalent crosslinks between the polypeptide chains of the collagen fibers. Crosslinking was carried out in a vacuum oven (Fisher IsoTemp 201, Fisher Scientific, Boston, MA) at a temperature of 105 • C under a vacuum of 50 mTorr for 24 hours [19] . This process also sterilised the scaffolds.
Permeability analysis
The permeability of the four scaffold variants was measured as a function of mean pore size and compressive strain using both (i) an experimental technique and (ii) mathematical modeling technique using a cellular solids modeling technique used previously to successfully describe the variation of CG scaffold specific surface area with mean pore size [17] .
Experimental (measured) permeability
A device ( Fig. 1 ) was constructed to measure the permeability of the scaffold variants under different levels of applied compressive strain. The device was constructed from two (top and bottom) brass plates, each with an attached 8mm inner diameter tube. A stainless steel mesh was secured over the tube openings in both brass plates. The mesh, a medical-grade stainless steel (Braun, Frankfurt, Germany) was adhered to the brass plates with a high-grade cyanoacrylate glue (LocTite 401, Herts, UK). The mesh served a two-fold purpose: to physically support the scaffold above the tube opening in the bottom plate, and to apply compressive strain to the scaffold via the height-adjustable top plate. Stainless steel spacers of varying thickness (2.1-5 mm) were placed between the two stainless steel meshes when the testing rig was assembled, regulating the degree of applied compressive strain. Importantly, the mesh did not inhibit or disrupt fluid flow through the rig. To secure the scaffold in place, the scaffold edges (away from the tube openings) were clamped to the bottom stainless steel mesh using a silicone spacer which also served as a leak-proof seal for the rig, preventing pressure loss. The inner diameter of the silicone spacer (10 mm) was slightly larger than that of the brass plate (8 mm). Cylindrical scaffold disks, 13 mm in diameter and 3.5 mm thick, were cut from each scaffold variant using a dermal punch (Miltex, York, PA, USA) and then submerged in saline solution for 24 hours prior to testing in order to completely hydrate the scaffold.
Darcy's law states that permeability, k, can be calculated from the following expression (1) where Q is the volumetric flow rate (ml/s), ∆P is the pressure difference across the sample (N/m 2 ), l is length of the specimen through which the fluid flows (m), A is the sample cross-sectional area in the direction of flow (m 2 ), and µ is the viscosity (Pa·s) of the fluid.
As previously noted, the degree of scaffold compression was controlled by the stainless steel spacers of 2.1, 2.5, 3, and 5 mm thickness that fit around the screws between the top and bottom stainless steel meshes and brass plates. The thickness of the scaffolds was 3.5 mm, making these spacers correspond to compressive strains of 40%, 29%, 14%, and 0%, respectively. The tube extending from the top brass plate was then attached to a reserve of saline solution pressurized with a 1.2 m saline solution pressure head. The flow rate of the saline solution through the scaffold was measured via the flow rate from the tube attached to the bottom plate of the permeability device using a stopwatch (Oregon Scientific, Portland, Oregon, USA) and an electronic scale accurate to within 0.05 g (Mettler Toledo, Greifensee, Switzerland) (Fig. 1) . The permeability (k) and fluid mobility (K) of each of the four scaffolds under each level of applied compressive strain was calculated using (2) a modified version of Equation 1 [16] where Q was the measured flow rate (ml/s), µ is the saline solution viscosity, r the radius of the scaffold sample (4 mm), l the thickness of the sample, and P the height of the saline solution column (1.2 m) .
Mathematical (calculated) permeability
A low-density, open-cell foam cellular solids model utilising a tetrakaidecahedral unit was used to model the permeability of CG scaffolds with variable mean pore size under variable applied compressive strain. We have previously shown that cellular solids modeling techniques using a tetrakaidecahedral unit cell can accurately represent and predict salient microstructural features of CG scaffolds [17, 20] . This modeling is possible because the pore structure of a variety of low-density, open-cell foams has been observed to have three consistent features [20] : an average of 14 faces per unit cell, 5.1 edges per face, and vertices that are nearly tetrahedral. These morphological features are observed as a result of a minimization of the total surface area of each unit cell. The tetrakaidecahedron is a polyhedron that packs to fill space, approximates the structural features of many experimentally characterized lowdensity, open-cell foams, nearly satisfies the minimum surface energy condition, and is often used for modeling such foams [21, 22] . In addition, the value of the dimensionless measure of total edge length per (unit volume) 1/3 for the tetrakaidecahedral unit cell is nearly identical to that observed for many random cellular structures [23] , suggesting that the tetrakaidecahedral unit cell gives a good representation of the total edge length and can be used to model the specific surface area of random cellular structures such as the porous, collagen-GAG scaffold.
A quantitative, cellular solids model describing the permeability (k) of, or fluid mobility (K) through, CG scaffolds in terms of scaffold mean pore size (d), individual strut length (l), percent compression (ε), a dimensionless system constant (A ), and scaffold relative density (ρ * /ρ s ) has been developed from a series of known cellular solids relationships. The permeability (k) of many open-cell foams has previously been reported in terms of mean pore size (d) and relative density (ρ * /ρ s , 1 -% porosity) [20, 24] :
This model can be modified to describe scaffold fluid mobility (K) using a single, system constant (A , A = A /µ) with dimensions (Pa·s) −1 :
The mean pore size of the compressed scaffold (d compress ) under a given applied compressive strain (ε app ) can be defined in terms of the initial edge length of the unit cell used to describe the scaffold microstructure (l) [25] . A relationship between applied compressive strain and compressed mean pore size, modified from that proposed by Gent and Rusch [25] for this CG scaffold system with an observed Poisson's ratio of 0, is presented here:
Additionally, for the tetrakaidecahedral unit cell, scaffold mean pore size (d) can be related to the average edge length of an individual strut (l) within the unit cell [20] :
Combining these relationships, a single model describing scaffold permeability (k) or fluid mobility (K) in terms of a system constant (A or A ), scaffold mean pore size (d), applied compressive strain (ε app ), and relative density (ρ * /ρ s ) that is valid for any low-density, open-cell foam is proposed. These models are identical with the exception of the single, system constant (A = A /µ): One-way ANOVA tests revealed that mobility significantly increased with pore size and decreased with compressive strain.
Confocal microscopy
The four scaffold variants with different mean pore sizes were each observed using confocal refection microscopy to acquire three-dimensional microstructural information and to investigate how different pore sizes might influence permeability. Circular specimens (8 mm diameter) were cut from each scaffold sheet using a dermal punch (Miltex, York, PA, USA). Each sample was then hydrated in saline solution for at least 24 hours prior to imaging. Confocal refection microscopy techniques utilizing an inverted Zeiss LSM 510 META (Gottingen, Germany) equipped with a 40x 1.3NA oil lens was then performed. A 488 nm (blue) Argon laser was used to illuminate the sample and a z-step of 1 µm between images was used to optically section the samples to a depth of between 50 and 150 µm. The depth of imaging was influenced by the density of each scaffold section; in general, images were gathered until the signal lost resolution, which was on average approximately 100 µm into the sample. The serial images were then reconstructed into a three-dimensional image using Zeiss image rendering software.
Results
The device designed and constructed to measure scaffold permeability proved to be effective for all scaffold variants and for all levels of applied compressive strain. CG scaffold permeability (fluid mobility) was found to be on the order of 10 −10 m 4 /Ns. While expected since the scaffold in the dry state has a porosity of 99.5%, this is quite high when compared to tissues such as cartilage (10 −15 m 4 /Ns) but several orders lower than that of trabecular bone (10 −6 m 4 /Ns). Figure 2 shows the experimentally measured scaffold permeability values (mean ± StDev) as a function of pore size and compressive strain. One-way ANOVA tests revealed that scaffold permeability increased significantly with pore size: K = 0.660 ± 0.256 m 4 /Ns to K = 1.387 ± 0.516 ×10 −10 m 4 /Ns for the 96 and 151 µm pore size scaffolds at 0% compression, respectively. Scaffold permeability was also observed to decrease with increasing compressive strain; K = 0.660 ± 0.256 ×10 −10 m 4 /Ns and 0.231 ± 0.180 ×10 −10 m 4 /Ns for the 96 µm pore size at 0 and 40% compressive strain, respectively. Similar trends were found for the other scaffold variants (Fig. 2) .
Power law regression analyses was performed between measured scaffold permeability (fluid mobility) (K) and both the mean pore size (d) and applied compressive strain (ε). The first regression (Fig. 3) indicated a good correlation between K and d 2 for 0% (R 2 = 0.9956), 14% (R 2 = 0.6811), 29% (R 2 = 0.6852), and 40% (R 2 = 0.8499) compressive strain, in agreement with the relationship between K and d proposed by the cellular solids model. In addition, a power law regression was performed between scaffold permeability (K) and (1 -ε) , where (1 -ε) corresponds to the remaining relative thickness of the compressed sample (Fig. 4) . A good correlation was observed between K and (1 -ε) 2 for CG scaffolds with mean pore sizes of 96 µm (R 2 = 0.8911), 110 µm (R 2 = 0.9498), 121 µm (R 2 = 0.9773), and 151 µm (R 2 = 0.9691), again in agreement with the relationship proposed by the cellular solids model.
The mathematical modeling showed remarkable accuracy in predicting the permeability of the constructs for all pore sizes and at each level of compression in a single model. Table 3 and Fig. 5 shows a comparison between the measured experimental results (K meas ) and the predicted values obtained from the mathematical model (K calc ) for the four distinct scaffold variants at the four levels of compressive Table 2 Structural properties of the collagen-GAG scaffold in its dry state. Varying the final freezing temperature produces scaffolds with uniform porosity (solid volume fraction), but with varying pore size, and consequently, varying specific surface area [17] T f ( strain. The cellular solids model predictions for all groups fit within the standard deviation of each experimentally measured value. Figure 6 shows the confocal images taken of all four scaffold variants. The images reveal a complex and random microstructure in each of the scaffolds. When the images are compared, a clear relationship is evident between the pore size and the resulting surface area of the scaffolds. The images indicate that as the pore size increases, the specific surface area or the amount of collagen present in an average pore decreases. The scaffold with the largest pore size, 151 µm, has a distinct structure compared to the other variants. This scaffold has clearly a lower surface area than the other variants (96, 110, or 121 µm pore sizes).
Discussion
The device designed and constructed to experimentally measure permeability of collagen-GAG scaffolds for this investigation worked effectively. The device used in this study is similar to other devices Table 3 Experimentally measured (Kmeas, Mean ± StDev) and cellular solids model derived (K calc ) fluid mobility of the four CG scaffold variants (Mean Pore Size = 96, 110, 121, 151 µm) under four levels of compressive strain (ε = 0, 14, 29, 40%). Units for K are 1 x 10 −10 m 4 /Ns used to directly measure 3D construct permeability because it applies a constant pressure and measures the flow-rate through a material. The difference between this experimental device and others in the literature is the mechanism by which the material is secured. Typically, these devices have used adhesives or bonding cement to hold the material sample in place; this technique is effective for characterizing gel constructs and tissue samples. However such bonding techniques are not viable for highly-porous, cellular materials such as CG scaffolds that also exhibit viscoelastic behavior when hydrated. In the device developed for this study, the scaffold edges were clamped in place, resulting in a secure boundary between the sample and walls of the device; this arrangement also allowed various levels of compressive strain to be applied using spacers of varying thickness without severely distorting the scaffold. The results from both the experimental and the cellular solids modelling analysis reveal that scaffold permeability/fluid mobility increased with increasing pore size and that scaffold specific surface area decreases with increasing mean pore size. The confocal refection microscopy analysis carried out in this study supported the hypothesis that increased specific surface area is found in scaffolds with smaller mean pore size. Furthermore, the permeability and specific surface area results are consistent with our hypothesis that increased scaffold permeability would be observed in scaffolds with increased mean pore size due to the corresponding reduction in scaffold specific surface area. These permeability results are also consistent with previous mathematical models describing the permeability of low porosity (< 90%) foams. The Carman-Kozeny mathematical model for foam permeability [12] described a number of geometric factors that influence the permeability of such foams: porosity, tortuosity (pore interconnectivity), pore size and orientation, fenestration size and shape, and specific surface area. The specific surface area influences permeability because it defines the total surface area within the scaffold; frictional effects that disturb and impede fluid flow resulting in reduced construct permeability are proportional to the scaffold surface area. While the Carman-Kozeny theoretical model has been successfully applied to a number of materials, the model is not applicable to highly porous materials (porosities greater than 90%), such as the constructs used in this study and most tissue engineering scaffolds. The results from this study however, demonstrate that even in materials with a high porosity, scaffold mean pore size defines the scaffold specific surface area which in turn influences the ability of a fluid to pass through it. In addition, the particular relationship between scaffold permeability and mean pore size, Kαd 2 , that is predicted using the cellular solids model is also observed experimentally, further validating the cellular solids model.
The results of the experimental and cellular solids modelling analysis also show that scaffold permeability decreases with increasing levels of compressive strain. This result is similar to the relationship between compression and permeability described by Lai and Mow [27] for articular cartilage. Other biological materials have also been found to follow this relationship, including the human medial collateral ligament [28] . The reason for this relationship in the collagen-GAG scaffolds is intuitive: as the material is compressed, the spacing between the collagen-GAG fibres decreases. Furthermore, the porosity of the constructs will also decrease under compression. Both of these factors would lead to the resultant increased resistance to fluid flow. In addition, the particular relationship between scaffold permeability and compressive strain, kα (1 -ε) 2 , that is predicted using the cellular solids model is also observed experimentally, further validating the cellular solids model. The relationship between compressive strain and permeability in the collagen-GAG scaffolds will be useful in designing in vitro bioreactor-based culture protocols and for designing constructs for in vivo studies where significant loads may be applied to the scaffold. In a bioreactor we seek to apply the optimal biophysical stimuli to encourage cells to differentiate to specific phenotypes or to produce extracellular matrix formation. As the degree of compression to which a cell-seeded construct is exposed influences the permeability of fluid through the construct, the relationship between scaffold permeability with mean pore size, applied strain, and relative density will be used to determine the optimal bioreactor conditions required for specific tissue engineering applications. In addition, as constructs increase in size, it will be important to design appropriate microstructure in the scaffold to allow maximal nutrient influx to support scaffolds implanted into in vivo wound sites. Such utilizations of scaffold modeling tools and experimental measurements of scaffold permeability for designing the microstructure of future scaffolds is currently the subject of ongoing research in our laboratory.
The permeability/fluid mobility of the CG scaffolds was found to be in the order of 10 −10 m 4 /Ns. The only previous permeability value found in the literature for a collagen material was for a collagen gel [13] ( Table 2) . The values for permeability with these gels ranged from 1 × 10 −15 to 1 × 10 −16 m 2 (1 × 10 −12 m 4 /Ns to 1 × 10 −13 m 4 /Ns). The CG scaffold variants characterized in this study were 2-3 orders of magnitude more permeable than these collagen gels, a result that makes intuitive sense due to the gel's significantly lower porosity. From a tissue engineering perspective, such differences in construct permeability suggest significantly higher levels of metabolite diffusion will be observed in a scaffold structure as compared to a gel, allowing increased cell proliferation and facilitating cell migration further into the scaffold.
The excellent comparison between experimentally measured and cellular solids model predicted scaffold permeability suggests that cellular solids modeling techniques can be used as a predictive model of scaffold permeability for many different scaffold architectures under a variety of physiological loading conditions, and as a predictive model to describe the permeability characteristics of future scaffold structures. Furthermore, it once again validates our use of low-density, open cell foam cellular solids modelling technique using a tetrakaidecahedral unit cell to model the random cellular structure of the collagen-GAG scaffolds. Previously we have shown that the same model can be used to predict the specific surface areas of the different scaffold variants [17] . Appropriate modeling tools that quantitatively describe scaffold characteristics (e.g. permeability, specific surface area, mechanical properties) in terms of salient microstructural features are advantageous for further advancement in the field of tissue engineering, and it appears that cellular solids modeling techniques utilizing the tetrakaidecahedral unit cell can accurately model CG scaffolds and have the potential to quantitatively describe many other tissue engineering constructs.
Confocal imaging (Fig. 6 ) allows visualization of the local three-dimensional microstructure of the four distinct scaffold variants and qualitative comparison of their relative specific surface areas. Qualitative analysis of these images suggest that as the pore size increases, the specific surface area decreases. Previously in our laboratory [17] , we carried out an experiment where MC3T3-E1 mouse clonal osteogenic cells were seeded onto the four scaffold types used in this study, and maintained in culture for 24 and 48 hours. It was observed that scaffolds with different mean pore sizes had significantly different levels of cell attachment, in particular that as pore size decreased in the collagen-GAG scaffolds, the level of cell adhesion increased. We hypothesised that this effect might be due to a lower specific surface area in scaffolds with a larger mean pore size, resulting in a lower ligand density available for adhesion. The results of the confocal microscopy analyses of the same scaffold variants used in the cell attachment study performed here support this hypothesis.
In conclusion, we have demonstrated that that the permeability of collagen-GAG scaffolds decreases with decreasing pore size and with increasing compressive strain, have developed appropriate modelling tools to capture to the permeability behaviour of these scaffolds, and have observed the previously hypothesized relation between scaffold mean pore size and specific surface area. This data is currently being utilized during the development of fluid perfusion bioreactors for bone tissue engineering.
